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ABSTRACT
Radiative feedback from luminous, massive stars during their formation is a key pro-
cess in moderating accretion onto the stellar object. In the prior papers in this series,
we showed that one form such feedback takes is UV line-driven disc ablation. Extend-
ing on this study, we now constrain the strength of this effect in the parameter range of
star and disc properties appropriate to forming massive stars. Simulations show that
ablation rate depends strongly on stellar parameters, but that this dependence can be
parameterized as a nearly constant, fixed enhancement over the wind mass loss rate,
allowing us to predict the rate of disc ablation for massive (proto)stars as a function
of stellar mass and metallicity. By comparing this to predicted accretion rates, we
conclude that ablation is a strong feedback effect for very massive (proto)stars which
should be considered in future studies of massive star formation.
Key words: circumstellar matter – accretion, accretion discs – stars: massive – stars:
winds, outflows – stars: formation
1 INTRODUCTION
Observations of populations of massive stars firmly suggest
that there is a fundamental upper limit to the mass of a star
(Figer 2005), with this limit perhaps being as high as sev-
eral hundred solar masses (Crowther et al. 2010; Schneider
et al. 2018). While the origin of this stellar upper mass limit
is not entirely clear, three main possibilities are commonly
invoked. The first of these is the impact of the extreme lu-
minosity of the star on the stability of its structure (e.g.
Owocki 2015, and references therein). The other two possi-
bilities are both consequences of the star formation process,
specifically that the stellar upper mass limit is a by-product
of large scale fragmentation of the cloud out of which the
star is forming or that it is caused by radiative feedback of
the forming massive star onto this protostellar cloud (e.g.
Zinnecker & Yorke 2007, and references therein). While it is
very plausible that all three effects play a role, for this work
we focus on the final hypothesis of radiative feedback during
the star formation process.
Previous studies of these formation processes for mas-
sive stars already extensively examine the role of feedback
from the forming stars both in radiation (predominantly ra-
? Email: nathaniel-dylan.kee@uni-tuebingen.de
diation pressure and photoionization) and mechanical in-
jection of momentum and energy (predominantly from jets,
winds, and supernovae) into the star’s natal environment at
pc to kpc scales (e.g. Wang et al. 2010; Gatto et al. 2016;
Va´zquez-Semadeni et al. 2016), as well as investigating the
role such feedback plays in moderating accretion onto the
(proto)star1 from pc to au scales (e.g. Ko¨lligan & Kuiper,
submitted; Klassen et al. 2016; Rosen et al. 2016; Tanaka
et al. 2017; Kuiper & Hosokawa 2018). Due to the incom-
patibility in numerical simulations between small resolution
elements and large dynamic ranges in space and time, how-
ever, the final accretion from length scales of order au to the
surface of the (proto)star is often omitted.
Generally this omission is not considered to be a funda-
mental issue for the simulations considered, as the majority
of the physics considered occurs on larger scales. Addition-
ally, these small regions are currently impossible to probe
observationally. However, as discussed in the prior papers
1 We adopt the terminology “(proto)star” here to acknowledge
that the most massive stars will contract to have a main-sequence-
like mass-radius relation well before the full stellar mass is assem-
bled, resulting in hydrogen core burning stars still undergoing vig-
orous accretion (Kahn 1974; Hosokawa & Omukai 2009; Hosokawa
et al. 2010).
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in this series (Kee et al. 2016, 2018a,b, hereafter papers I,
II, and III respectively) this near-star region within only a
few stellar radii of the stellar surface is subject to intense
UV irradiation, leading to not only the canonically known
line-driven hot star winds but also allowing for the ablation
of the surface layers off circumstellar discs. As the next step
in this series, we here examine the potential role that this
line-driven disc ablation plays in reducing accretion onto the
most massive stars during their formation epochs. To do so,
we here take the approach of focusing on only these final
miles of accretion. In section 2 we present the results of our
parameter study of ablation for a grid of stellar masses and
circumstellar disc masses. Given the uniformity of behav-
ior found in these simulations, we generalize this in section
3 to an analytic prediction of disc ablation rate as a func-
tion of stellar parameters and as a function of metallicity.
In this section, we also examine the role that disc ablation
may play in helping to set the stellar upper mass limit. Fi-
nally, in section 4, we summarize the most important points
of the preceding sections and discuss some future directions
for this research line.
2 ABLATION RATE AS A FUNCTION OF
STELLAR MASS AND DISC MASS
In order to investigate the role of ablation in moderating
accretion onto forming high mass stars, we set up simu-
lations in much the same way as has been done in pa-
per III. As a brief summary of this process, we use the
mass-luminosity relation derived from the Geneva stellar
evolution models (Ekstro¨m et al. 2012; Yusof et al. 2013)
with stellar radii given as a function of stellar mass by
R∗/R ≡ (M∗/M)2/3. Using this mass-luminosity rela-
tion, and particularly this mass-radius relation, assumes
that the stars we are studying are main-sequence-like. This
assumption is broadly bourne out by comparison with the
simulations of stellar structure in the presence of accretion
carried out by Hosokawa & Omukai (2009) and Hosokawa
et al. (2010), although these simulations show that high ac-
cretion rates of 10−4 ∼ 10−3M/yr can keep a massive star
from contracting to its main sequence radius until it reaches
20 ∼ 30M. In order to generally avoid this regime in which
the bloated star produces negligible or no UV feedback due
to its cooler effective temperature, we only consider stars
with M∗ > 25M.
For each of the stars considered, we self-consistently cal-
culate stellar wind launching and the radiative acceleration
of circumstellar material by UV irradiation from these stars
using the standard theory of line-driven acceleration first
laid out by Castor et al. (1975), and modified for 3D veloc-
ity and radiation fields by Cranmer & Owocki (1995), which
we have summarized in paper I. This theory makes use of
four key parameters2, namely α, δ, Q¯, and Qo. Here α is the
temperature dependent power-law index describing the dis-
tribution of spectral lines participating in the acceleration.
Meanwhile δ, introduced by Abbott (1982), parameterizes
the impact of the balance of ionization and recombination
2 We use the parameterization of the Castor et al. (1975) theory
proposed by Gayley (1995).
as a function of distance from the star. The final two param-
eters, Q¯ and Qo, are respectively the flux- and population-
weighted enhancement of line opacity over electron scat-
tering opacity and the maximal enhancement above which
the assumed distribution of lines is exponentially truncated.
Based on the typical values cited by Kudritzki et al. (1989),
we select a fixed value of δ = 0.1 for all simulations. For
the values of the remaining three parameters, we continue
to consult Puls et al. (2000). We summarize the stellar and
wind parameters of the four stars used for simulations in
this paper in table 1.
In addition to the stellar parameters, we also vary the
parameters of the circumstellar disc. The disc density struc-
ture is again set by hydrostatic equilibrium in the vertical
direction, z, with a power-law fall off in the cylindrical ra-
dial direction, R, of exponent β. Taken together, this gives
for the density
ρd(R, z) = ρd,o
(
R
R∗
)−β
e−z
2/(2H(R)2) , (1)
where the scale height of the Gaussian stratification is given
in terms of the isothermal sound speed cs, and Newton’s
gravitational constant G, to be
H(R) ≡ csR
3/2
√
GM∗
. (2)
In contrast to prior papers in this series, we now set the
characteristic scale of disc density, ρd,o, by imposing a disc
mass Md and outer truncation radius Rd, such that
ρd,o = Md
1√
2pi3
1
H(R∗)
1
R2d −R2∗
. (3)
By comparison with observations (see Beltra´n & de Wit
2016, for a review) and numerical simulations (e.g. Klassen
et al. 2016; Rosen et al. 2016; Kuiper & Hosokawa 2018)
we use 1000 au as a fixed value of Rd to normalize ρd,o,
although the computational domain of the simulations we
carry out here extends to only 20 R∗. By similar compar-
isons, we select 3 values of Md, specifically 10, 20, and 30
M.
From these initial conditions, we run 2D, azimuthally
symmetric, isothermal simulations on a spherical {r, θ} grid
using the MHD code Pluto (Mignone et al. 2007, 2012). All
simulations use evenly spaced grids of 257 cells in the po-
lar direction from pole-to-pole and stretched grids of 256
cells in the radial direction, with each cell 3% larger than its
nearest neighbour in the star-ward direction. We impose im-
permeable boundaries at both poles, and only allow material
to pass through the stellar photosphere boundary at speeds
less than cs. As we do not want to allow feedback from the
outer boundary onto the simulation volume, we only allow
material to exit the simulation through this boundary.
It is important to note that the geometry of accretion in
the presence of ablation is not known, and may be altered by
the presence of shear from the ablation layers even at sub-
stantial distances from the stellar surface. Indeed, since these
simulations are among the first to probe the inner accretion
discs of massive (proto)stars, it is not even clear how accre-
tion should be expected to proceed onto massive (proto)stars
c© 0000 RAS, MNRAS 000, 000–000
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Table 1. Stellar and Wind Parameters
M∗ (M) R∗ (R) L∗ (L) Q¯ Qo α M˙ (M/yr)
25 8.5 7.34× 104 2400 3200 0.65 5.9× 10−8
50 13.6 3.52× 105 2100 2100 0.66 7.0× 10−7
75 17.8 7.60× 105 2000 1800 0.67 2.0× 10−6
100 21.5 1.25× 106 2000 1900 0.67 3.8× 10−6
if ablation was omitted. Turning to observations, Ababakr
et al. (2017) have recently probed this region with spec-
tropolarimetry, with the conclusion that accretion onto stars
earlier than about B7-B8 does not produce the same spec-
tral features as the more well studied T Tauri stars. This is
further inferred to mean that these earlier type stars do not
accrete with the same geometry as their lower mass ana-
logues. However, these observations do not by themselves
tell us what the geometry of this accretion is, underscoring
the necessity of additional studies to understand this region.
Therefore, given this current general lack of additional
constraints, we continue to omit the replenishment of disc
material by accretion, and as such the accretion onto the
(proto)star. This omission means that all simulations will
completely eject their initial disc material given enough
time, regardless of whether the rate of ablation exceeds
the accretion rates expected for very massive star forma-
tion (10−4 ∼ 10−3M/yr, e.g. Wolfire & Cassinelli 1987).
As papers I and III showed, this ejection of disc material
will proceed from the stellar surface outwards. Increasing
the initial reservoir of mass in the disc, however, delays the
opening of this gap between the stellar photosphere and disc
edge. Therefore, in addition to exploring what the effects of
increased density in the regions being ablated might be, we
can also view the simulations with increased disc mass to be
a proxy for the replenishment of disc material by accretion.
When we analyse the results of these simulations, the
main quantity of interest is ablation rate, M˙ab, calculated
by taking the mass flux at supersonic velocities through the
outer radial boundary minus the spherically-symmetric wind
mass loss rate, M˙wind. Recall from paper III that the choice
to only use the rate at which mass supersonically leaves the
simulation is based on the presence of sub-sonic waves set up
in the disc by the relaxation from the initial conditions. As
shown by paper III, these waves average out over time, but
can nevertheless contaminate the measurement of ablation
rate as they occur in very dense material deep in the disc.
Figure 1 plots the computed ablation rate as a function of
time in solar masses per year for all the simulations.
Immediately evident in examining this figure is the ap-
proximately two order of magnitude spread in the rate of
ablation between the different stars considered. This implies
that even relatively small changes in stellar mass lead to
fairly severe changes in the impact of line-driven ablation
on the circumstellar accretion disc, due to the steeply in-
creasing luminosity of the central star. Indeed, this effect
is so strong that for the lowest disc mass to mass loss rate
ratio, namely the 10M disc around a 100M star, ablation
fully remove the disc from the simulation volume before the
simulation completes, hence the precipitous drop off in abla-
tion rate at around 350 days in this simulation (represented
by the red curve in the bottom right hand panel of figure 1).
From figure 1 it is also worth noting that the simulations
with the highest ratio of disc mass to wind mass loss rate, i.e.
the simulations of 20 and 30M discs around the 25M star,
have the least time variability in the ablation rate. This same
trend of increasing disc mass leading to a more steady rate of
disc ablation can be seen as well for the higher mass stars,
although the increased strength of line-driven acceleration
from these stars mean that a 30M disc does not provide
a sufficient mass reservoir to allow such a steady state to
develop before the disc is separated from the star.
In continuing to discuss these results, we draw the read-
ers attention to the general trend that, with the exception of
the simulations with a 25M star, the ablation rate initially
decreases, then later increases in time. We interpret this as
the competition of two effects. The first of these is a decreas-
ing efficiency of ablation with increasing distance from the
star. As shown particularly vividly by papers I and II, pho-
tons arriving to the disc from near the stellar limb, or from
off-star directions as was the case in paper II, interact more
effectively with the Keplerian shear of the disc than photons
arriving to the disc nearly radially from the star. As time
goes on, an increasingly large gap is opened between the disc
and star and the star becomes more point-like and thus less
effective at driving ablation, hence the initial decrease in ab-
lation rate. However, competing with this is the increased
strength of line-acceleration on lower density material. Since
ablation tends to strip the surface layers off the disc leaving
the remainder of the disc largely un-perturbed, ablation is
exposing decreasing density disc material at the inner disc
rim closest to the star that was previously shielded by the
inner disc. The inverse dependence of line-acceleration on
density means that this lower density material is easier to
accelerate. Additionally, the wind has reached its terminal
velocity of several thousand km s−1 at these distances, and
the shearing of the wind against the disc may also contribute
to entraining some disc material. Thus, the decreasing den-
sity away from the star leads to the eventual late time in-
crease in ablation rate.
Returning to the simulations with a 25M star shows
that, while they initially appear to behave differently, they
are also consistent with this picture. The simulation with a
10M disc around a 25M star opens only a small gap of
order R∗ between the stellar photosphere and the inner disc
rim over the whole year of simulation time. The correspond-
ing simulation with a 50M star and the same 10M disc
mass opens a comparable gap in only ∼50 days, at which
point its mass ablation rate has not yet started increasing,
as is the case for the 25M star with a 10M disc. The other
two simulations with a 25M star have opened even smaller
gaps, such that the downturn in ablation rate is not partic-
ularly substantial over the one year simulation duration.
Given both the lower degree of time variability, and the
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Figure 1. Disc ablation rate normalized by spherically symmetric wind mass loss rate for 25 (top, left), 50 (top, right), 75 (bottom, left),
and 100 (bottom, right) solar mass stars. In each panel the red, purple, and blue curves respectively denote the results from simulations
with initial disc densities representing 10, 20, and 30 solar mass discs respectively (see the density normalization definition in equation
3).
increased resemblance to what we would expect in the case
of replenishment of the disc by accretion, general quantita-
tive conclusions about ablation rate should be made from
the simulations with the highest disc mass to mass loss rate
ratios. To this end, we replot the ablation rates from all the
simulations including 30M discs in figure 2, now in units of
M˙wind for each of the stars. When we plot the simulation re-
sults in this way, it becomes evident that the general behav-
ior of line-driven ablation for discs of star forming densities
can again be parameterized as a fixed factor enhancement
over the stellar wind mass loss rate, as was done in paper
I. In order to guide the eye, figure 2 includes a shaded bar
at M˙ab/M˙wind = 6.5 ± 1. As the ablation rate for all simu-
lations falls more or less in this range over the duration of
the simulations, we argue that ablation rate can be gener-
ally parameterized by a fixed factor enhancement over the
spherically symmetric stellar mass loss rate. Further exami-
nation of figure 3 shows that this enhancement factor seems
to be relatively independent of the density of the disc as well,
with all the resulting ablation rates falling in approximately
the same range for each star considered. However, it is dif-
ficult to make conclusive statements on this dependence as
decreasing the disc density results in the ablation rate being
less constant in time and therefore more difficult to quan-
tify as the disc separates from the star. Thus we proceed
with the analyses in the remainder of the paper assuming
M˙ab = 6.5 M˙wind.
In order to begin disentangling why it is possible for
M˙ab to exceed M˙wind it is of key importance to recall that
the ablation of disc material is not driven by radially stream-
ing photons, but rather by photons arriving to the disc from
non-radial directions causing the roughly radial alignment
of the ablation layer to not be unfavorable to the initiation
of disc mass loss. The importance of this non-radial photon
flux is highlighted by the fact, as shown in papers I and
III, that most of the disc mass loss originates near the in-
ner edge of the disc, e.g. where the star subtends the largest
solid angle on the sky. Additionally, since the disc is initially
in gravito-centrifugal equilibrium, a smaller force is needed
to launch the ablative mass loss than to launch the wind,
allowing ablation to be launched at higher densities than the
wind. Finally, the flaring of the isothermal disc we simulate
here also allows the wind to run into the disc, thereby en-
training some additional material into the ablation layer as
it flows away from the star.
At this point, we can also compare to the models run
by Drew et al. (1998) and Oudmaijer et al. (1998) of disc
ablation around a 10 M star. The simulation set-ups in this
paper and in Drew et al. (1998) and Oudmaijer et al. (1998)
are quite similar, with the exception that we do not ac-
c© 0000 RAS, MNRAS 000, 000–000
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count for contributions to the line-driven acceleration from
stellar radiation reprocessed by the disc, which these prior
works do. Additionally, Drew et al. (1998) and Oudmaijer
et al. (1998) fix the density along the disc midplane in order
to attempt to account for disc replenishment by accretion.
Comparing the results of the simulations shows that Drew
et al. (1998) and Oudmaijer et al. (1998) find a much thicker
ablation layer than we do, likely the result of the reprocessed
stellar radiation in the disc acting perpendicular to the abla-
tion layer. Additionally, Drew et al. (1998) finds an enhance-
ment factor of 3, rather than the 6.5 that we find3. Coupled
with the lower enhancement factors we found in paper I, this
suggests a weak dependence of ablation enhancement on ei-
ther stellar or disc parameters, which we posit may be due
to the weaker line-driving and decreased luminosity for later
spectral types. Since the spread in enhancement factors is
small, to first order the choice of a fixed enhancement factor
is sufficiently good for us to proceed with the analyses in
this paper. Nevertheless, future work should investigate this
difference further, as well as including stellar radiation re-
processed by the circumstellar disc in order to confirm that
this omission is indeed the origin of the thinner ablation
layer we find.
Before undertaking the analyses in section 3, it is worth
pointing out that M˙ab = 6.5 M˙wind is probably a conserva-
tive interpretation of the results of these simulations. As we
have already argued, the simulation with a 25M star and
a 30M disc is the one most like what we would expect
from simulations with self-consistent disc replenishment by
accretion. While the quite time independent ablation rate
of this simulation reinforces the interpretation that ablation
proceeds at a fixed enhancement over wind mass loss rate,
it also seems more consistent with this enhancement be-
ing ∼ 8. However, future simulations which treat accretion
and ablation side-by-side are required to constrain the exact
value of this enhancement factor. Such simulations will also
allow for a more detailed investigation of the dependence of
the ablation rate on disc density, as the disc density can be
more freely varied without the disc blowing away, especially
for the more luminous stars considered. In the absence of
such simulations, we argue that the conservative choice is
the most appropriate one, and use this enhancement factor
to make some general conclusions about the importance of
ablation in the formation of very massive stars.
3 FROM ABLATION RATE TO EFFICIENCY
OF ACCRETION
Given that we can predict the strength of line-driven disc
ablation based on the analytic wind mass loss rate, itself
a function of stellar parameters, a natural next step is to
predict how important ablation should be on the scale of
accretion for the formation of stars of various masses. We
first examine this scaling at solar metallicity in the following
subsection, 3.1, before extending the discussion in subsec-
tion 3.2 to address the expected scaling to lower metallicity
environments.
3 Oudmaijer et al. (1998) does not present this quantity.
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Figure 2. An overplot of the normalized ablation rates from
all the simulations beginning from 30 solar mass discs, with the
results of the simulations with 25, 50, 75, and 100 solar mass stars
denoted by the purple, red, orange, and green curves respectively.
The shaded bar at M˙ab/M˙wind = 6.5±1 is put in by eye to call out
the overall uniformity of behavior between different simulations.
3.1 Solar Metallicity
For these analyses, we use the full, analytic mass loss pre-
scriptions described by Kudritzki et al. (1989) for M˙wind,
and take M˙ab = 6.5 M˙wind as argued in section 2. Into the
expression for M˙wind, we plug the ZAMS mass-luminosity
relation from the Geneva stellar evolution tracks (Ekstro¨m
et al. 2012; Yusof et al. 2013) and the mass-radius relation
R∗/R = (M∗/M)2/3. For stars more massive than those
included in the ZAMS Geneva tabulations, we extrapolate
using L∗ ∝ M3∗ (1 − Γ)4, where Γ ≡ κeL∗/4piGM∗c is the
electron scattering Eddington parameter, here used to pre-
vent us from considering stars where radiation pressure on
the basal electron scattering gas opacity exceeds the gravi-
tational binding of the star. For simplicity, we fix the wind
parameters to be Q¯ = Qo = 2000, α = 0.67, and δ = 0.1.
Note that, as shown by Puls et al. (2000), the assumption
that Q¯ = Qo is not valid for stellar effective temperature
below about 30 kK. However, the stellar effective tempera-
ture predicted from the scaling relations we use here exceeds
this threshold for stars of a few tens of solar masses, making
Q¯ = Qo a good assumption in the parameter range consid-
ered (see also table 1). Using these scalings and assumed
parameters, figure 3 plots the derived M˙ab as a function of
stellar mass in solar masses per year.
Immediately worth noting from figure 3 is the five or-
ders of magnitude that the rate of ablation spans over the
range of stellar masses considered. This underscores the
point brought up in section 2 that ablation can have vastly
different impacts on disc structure and dynamics for compa-
rably small changes in the stellar mass. For instance, even
the densest discs considered in section 2 are significantly dis-
rupted by the ablation feedback of a M∗ > 50M star, while
the ablation driven by a 25M star barely impacts the disc
at all.
In order to assess whether the absolute magnitude of
ablation shown in figure 3 in general makes it an impor-
tant feedback mechanism or not, one potential method is to
compare it to the accretion rates predicted by theories of
massive star formation. To this end, we select two such the-
c© 0000 RAS, MNRAS 000, 000–000
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Figure 3. Predicted ablation rate in solar masses per year as a
function of stellar mass.
ories, namely Competitive Accretion (Bonnell et al. 2001)
and Turbulent Core Accretion (McKee & Tan 2003). Com-
parisons of these two theories in general suggest that Com-
petitive Accretion predicts lower accretion rates (Tan et al.
2014), so we choose to first compare the strength of abla-
tion against it. However, the parameterization of accretion
rate presented by Bonnell et al. (2001) as a function of vari-
ables which are not in general known, such as the relative
speed of stars and gas and the position in the cluster where
the star is forming, makes such a comparison complicated.
Therefore, we base this comparison on the average rate of
accretion proposed for Competative Accretion by Tan et al.
(2014), specifically their equation 16,
〈M˙acc,comp〉 = 1.46× 10−4M/yr
× ff
0.1
M∗,f
50M
0.5
cl
(
1000M
Mcl
)1/4
Σ
3/4
cl , (4)
where ff is the star formation efficiency per free-fall time,
cl is the total star formation efficiency from the star form-
ing clump, Σcl is the characteristic surface density of the
star forming clump, and M∗,f is the final mass of the star.
Taking as fiducial parameters ff = 0.1, cl = 0.5, and
Σcl = 1 g cm
−2, this equation predicts that the average
accretion to form a 150M star from a 2× 104M clump is
2× 10−4M/yr, comparable to the ablation rate we predict
at M∗ = 150M, making line-driven ablation a key feedback
effect to consider in such a system as it alone may be strong
enough to shut off accretion.
Comparing now to Turbulent Core Accretion, McKee
& Tan (2003) argue for a rate of accretion given by their
equation 41 to be
M˙acc,core = 4.6×10−4
(
M∗,f
30M
)3/4
Σ
3/4
cl
(
M∗
M∗,f
)1/2
M/yr .
(5)
While this is a function of stellar mass, the scaling here is
much shallower than the scaling of ablation rate with stellar
mass, such that ablation will be the most important when
M∗ = M∗,f . Thus, for the same 150M star again forming
in an environment with Σcl = 1 g cm
−2, Turbulent Core
Accretion predicts an accretion rate of 1.5 × 10−3M/yr.
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Figure 4. The percentage of accretion predicted to be removed
by ablation as a function of stellar mass and accretion rate. The
black region in the lower right denotes the parameter space where
ablation rate is predicted to exceed accretion rate, such that stars
can not form here by steady disc accretion.
While this is a good deal higher than the rate predicted by
Competitive Accretion, ablation still can remove 5 ∼ 10%
of such an accretion flow, suggesting that it could still play
an important role in moderating accretion onto a forming
star under Turbulent Core Accretion.
We can also assess the strength of ablation more gen-
erally by plotting the percentage of accretion that would
be predicted to be removed by ablation for mass accretion
rates from 10−6 − 10−3 M/yr, as is done in figure 4. Here
again the variation in impact of ablation with stellar mass is
quite apparent. Now, instead of needing to infer it however,
we can directly see the excluded region in the lower right
of the plot (black), where we predict stars can not form by
steady disc accretion, as ablation rate alone exceeds accre-
tion rate, and thus would be expected to detach the star from
its disc. Note that highly optically thick accretion streams,
blobs/fragments of gas, and of course stellar mergers can
circumvent this barrier, as they locally result in accretion
conditions in the upper left of figure 4 even when the global,
time averaged accretion properties may fall in this excluded
region to the bottom right. In the absence of such impulsive
accretion events, however, this region shows that the forma-
tion of stars of 50M is excluded for accretion rates below
about 3×10−6M/yr and even the 50% increase in mass to
a 75M star requires a minimum accretion rate a factor of
three higher, i.e. ∼ 10−5M/yr. To form the most massive
stars stars in the Milky Way (e.g. the central stars in NGC
3603 whose individual masses are inferred to exceed 120M,
Melena et al. 2008), the constraints are yet more stringent,
requiring mass accretion rates of order ∼ 10−4M/yr or
higher.
In interpreting the remainder of figure 4, it is important
to remember that by isolating ablation we have neglected a
variety of feedback mechanisms predominantly taking place
on larger scales. As shown by, for instance, Klassen et al.
(2016), Rosen et al. (2016), Kuiper et al. (2016), Tanaka
et al. (2017), and Kuiper & Hosokawa (2018), these other
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feedback mechanisms can already substantially reduce the
mass able to make it out of a pre-stellar core and into a
massive (proto)star. In some simulations, these other feed-
back mechanisms are even already sufficient to shut off ac-
cretion completely, regardless of the mass reservoir available
(see specifically the discussion in Kuiper & Hosokawa 2018).
Therefore, the percentage of accretion deflected by ablation
as predicted in figure 4, or the absolute magnitude of abla-
tion rate as presented in figure 3, should be interpreted as
further reducing the accretion flow beyond what is already
predicted at larger radii. Indeed, given that line-driven abla-
tion operates on such a small scale compared to these other
feedback mechanisms, this percentage of the accretion flow
could be reinjected as a boundary condition in larger scale
simulations, thus naturally allowing ablation to be analyti-
cally included in future work at these larger scales.
Moving to the low mass end of figures 3 and 4, it is
important to recall that, although the Kelvin-Helmholtz
time can be shorter than the accretion time for massive
stars (Kahn 1974), computations of stellar structure with
an accretion boundary condition show that very high accre-
tion rates can keep stars bloated during the early phases
of their formation, perhaps even up to M∗ ∼ 25M for
M˙acc > 10−3M/yr (Hosokawa & Omukai 2009; Hosokawa
et al. 2010). Indeed, as we discussed in section 2, it is this
effect that motivated the choice to compute models only for
stars of M∗ > 25M, as protostars bloated by accretion will
not emit sufficient radiation in the UV to initiate line-driven
stellar winds, and thus will also not initiate disc ablation.
This shutting off of ablation would predominantly affect the
upper left corner of figure 4 where high accretion rates and
relatively lower stellar masses meet, making any conclusions
drawn here likely unreliable. However, examining this cor-
ner of the figure shows that ablation amounts to 0.1% or less
of accretion in this parameter range, thereby allowing us to
safely ignore bloating of the star for studies of ablation, as
protostellar bloating only occurs in parameter ranges where
ablation is already dynamically unimportant.
Finally, before discussing the scaling of ablation with
metallicity, it is perhaps worth recalling that the analyses
here are based on only one scaling of mass, luminosity, and
radius, and that we have fixed the stellar wind parameters
for simplicity. Changing the scaling of stellar parameters, or
relaxing the approximation of fixed wind parameters could
lead to order unity adjustments in the specific values of ab-
lation rate presented here, and attendant changes in the
specific value of the upper mass limit imposed by ablation.
Nevertheless, given the strong scaling of mass loss rate with
stellar mass, the overall, general trends presented here are
robust.
3.2 Scaling with metallicity
As a final aspect of the discussion in this paper, we address
the scaling of ablation rate with metallicity, Z. As discussed
by Gayley (1995), the scaling of Q¯ with Z is very simple,
i.e. Q¯ ∝ Z. Since the assumption Qo = Q¯ is reasonable in
the parameter range considered, we can then simply vary
this constant to get a sense of the effects of varying metal-
licity. While the overall scaling of mass loss rate with stellar
parameters as laid out by Kudritzki et al. (1989) is non-
trivial, Q¯, and thus Z, enters the relation only peripherally,
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Figure 5. The percentage of accretion predicted to be removed
by ablation as a function of stellar mass and accretion rate at an
SMC metallicity of 0.2Z. The black region in the lower right
denotes the parameter space where ablation rate is predicted to
exceed accretion rate, such that stars can not form here.
such that the total scaling of mass loss rate with metallicity
is M˙wind ∝ Z(1−α)/α. Continuing with the fixed α = 0.67
used in the prior subsection, then M˙wind ∝ Z0.5. As an ex-
ample, figure 5 shows how ablation rate would compare to
accretion rate at Z = 1/5Z, comparable to the conditions
of the Small Magellanic Cloud (SMC). For this factor five
reduction in metallicity, mass loss driven by line-acceleration
is reduced to approximately 45% of the rate at solar metal-
licity, leading to an attendant increase of the upper mass
limit imposed by ablation by a factor 1.5 ∼ 2.
Under the assumption that the intrinsic rate of accre-
tion in the absence of feedback is not substantially altered
by the decrease of metallicity, we select an accretion rate of
10−4M/yr and plot the percent of this that would be ex-
pected to be repelled by ablation as a function of Z and M∗
in figure 6. Here we directly see the monotonically decreas-
ing strength of disc mass loss from line-driven ablation with
decreased metallicity, and the attendant rise in the upper
mass limit imposed by this feedback.
Note that the results presented in this subsection are
based on the assumption that the enhancement of abla-
tion over wind mass loss is not itself a function of metal-
licity. Constraining the dependence of the enhancement of
M˙ab over M˙wind on Z would require further simulations,
likely accounting for non-isothermal effects as well as self-
consistently treating accretion and ablation in the same sim-
ulation. This is because reduced metallicity should cause a
reduced efficiency of radiative cooling, thus altering both the
disc structure and the geometry of accretion onto the central
protostar.
Finally, as in the prior sections, it is worth bear-
ing in mind that this analysis ignores all other feedback
processes. Additionally, not all feedback mechanisms show
this decrease in efficacy with decreasing metallicity. Take,
for instance, photoevaporation. Comparing the results of
Hosokawa et al. (2016) to those of Kuiper & Hosokawa
(2018) shows that photoevaporation becomes the main ra-
c© 0000 RAS, MNRAS 000, 000–000
8 N. D. Kee and R. Kuiper
10 20 50 100 200 500
0.01
0.05
0.10
0.50
1
M* (M⊙)
Z/Z ⊙
M

ab/M acc(%)
0.01
0.10
1.00
10.00
100.00
Figure 6. The percentage of a 10−4M/yr accretion predicted
to be removed by ablation as a function of stellar mass and metal-
licity. The black region in the upper right denotes the parameter
space where ablation rate is predicted to exceed accretion rate,
such that stars can not form here.
diative feedback from massive stars at low metallicity. This
is supported by the models presented in Tanaka et al. (2018)
which argue that photoevaporation grows in strength to
such a degree that it is sufficient to drive a monotoni-
cally decreasing efficiency of star formation with decreasing
metallicity. Simulations by Nakatani et al. (2018), however,
show that the degree to which photoevaporation increases in
strength with decreased metallicity, and indeed whether this
strengthening of photoevaporation continues to arbitrarily
low metallicity, is not a solved problem.
4 SUMMARY AND FUTURE WORK
In this work we have presented a parameter study of UV
line-driven ablation of circumstellar discs around forming
massive stars. In the course of this study, we demonstrate
that line-driven disc ablation proceeds at a rate well char-
acterized by a constant enhancement factor over the stellar
wind mass loss rate, namely M˙ab = 6.5 ± 1 M˙wind. Using
this constant enhancement factor, we have predicted the
disc mass loss rate as a function of stellar mass, as well
as comparing this rate to characteristic accretion rates onto
massive (proto)stars. Of particular interest in this compar-
ison is the inferred minimum accretion rates necessary to
assemble stars of various masses. Given the simple scaling
of line-driven stellar wind mass loss rate with metallicity, we
are also able to show the reduction in strength of ablation
with decreasing metallicity, and the associated rise in the
upper mass as predicted from only ablation.
As we have mentioned several times throughout this pa-
per, however, this study and its conclusions on the nature
of the stellar upper mass limit by design omit the impact of
feedback mechanisms at larger scales, such as radiation pres-
sure on dust grains, MHD driven outflows, and photoion-
ization. These feedback mechanisms operate on intrinsically
larger scales than line-driven disc ablation, however, sug-
gesting that the effects of ablation should add to the effects
of feedback at larger scales by further reducing the accretion
able to reach a massive (proto)star. Additionally, this fun-
damental difference in scales should allow future studies of
feedback at larger scales to incorporate line-driven ablation
as a sub-grid model by adapting the results presented here.
As part of such an extension to larger scales, it would
also be interesting to test what observables might be associ-
ated with line-driven ablation. While the scales comparable
to the stellar radius we have considered for the simulations
in this work are fundamentally too small to be observed
with present facilities, ablation is expected to set up a low
latitude disc wind which could extend to observable scales.
Simulations using ablation as a sub-grid model could test
the observability of this larger scale extension of the ablated
disc wind, and compare to observations such as those pub-
lished recently by Maud et al. (submitted), which argue for
the presence of a disc wind traced in SiO emission, possibly
consistent with such a layer.
In terms of future work that could improve the state of
the art in our understanding of the mechanisms and effects
at play in this study, a key step forward would be made
by constraining the nature of accretion, specifically its lati-
tudinal geometric distribution, for the high accretion rates
predicted onto massive (proto)stars. Such a study, even in
the absence of ablation, would improve our understanding
of how physics plays out in these final miles of accretion.
Moreover, the ability to self-consistently include both ab-
lation and accretion in a single simulation would improve
the constraints placed on the enhancement of ablation over
wind mass loss, and directly test whether ablation depends
on accretion rate or whether it is indeed as constant of an
enhancement as the simulations presented here suggest.
Finally, future work should examine whether there is
an additional dependence of ablation on stellar and or disc
parameters beyond the simple scaling with the stellar wind
mass loss rate. Such a secondary, much weaker scaling is
implied by comparing the M˙ab = 6.5 ± 1 M˙wind relation
obtained here with the M˙ab = M˙wind obtained for Classical
Be stars in paper I. Constraining whether this is due to the
change in masses and spectral types considered from B stars
to O stars, or if this is a by-product of the factor ∼ 1000
increase in mass of discs from paper I to the results here
would shed additional light on the nature of UV line-driven
disc ablation.
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